Purpose: In precision cancer care, WES-based analysis of tumor-normal samples helps reveal somatic alterations but can also identify cancer-associated germline variants important for disease surveillance, treatment choice and cancer prevention. WES can also identify germline secondary findings impacting risk of cardiac, neurodegenerative or metabolic diseases. In patients with advanced cancer, the frequency of reportable secondary findings encountered with WES is not well defined.
Introduction
Clinical whole exome sequencing (WES) is increasingly used in the constitutional setting for improving diagnosis of rare diseases 1 . In the oncology setting, most institutions favor targeted sequencing panels that examine from 40 to 400 genes within tumor samples. Nonetheless a limited number of institutions have deployed whole exome sequencing in the clinic [2] [3] [4] . Unlike with targeted panels, clinical WES typically involves sequencing both a tumor sample and a matched germline sample, then identifying somatic alterations, that is, variants that are specific to a tumor sample and not found in the matched germline sample. The systematic sequencing of a germline sample together with broad coverage provided by WES provides an opportunity to examine germline variants that may be of clinical importance for patients. Such variants fall in two categories: (1) cancer-associated variants that may predispose patients for certain types of cancers and in some cases may help identify additional treatment options and (2) non-cancer variants that may potentially impact risk of developing cardiac, neurodegenerative or metabolic diseases.
In the context of genomic tests whose primary purpose is to identify somatic mutations within tumor samples, these two categories of germline alterations are typically referred as secondary findings. Clinically relevant germline variants typically occur in specific genes such as those defined and published by the American College of Medical Genetics and Genomics (ACMG)'s Working Group on Incidental Findings in Clinical Exome and Genome Sequencing 5 . Additional diseases-specific genes may be found in panels such as the BROCA panel for cancer risk genes 6 and in established pharmacogenomics databases such as PharmGKB 7 . The list of reportable genes is continuously evolving as new clinical evidence is uncovered 8 .
In the oncology setting there are compelling clinical reasons to report relevant secondary germline variants uncovered during the process of somatic genomic testing. For example pathogenic variants in constitutional risk genes such as BRCA1, TP53, ATM and many others are associated with increased risk of developing certain tumors. Patients may not be aware of the presence of such pathogenic variants in their genome prior to testing. Such variants may also have been inherited by siblings and shared in other family members who may want to know about such findings and take appropriate preventive action when possible. In some cases, the detection of germline alterations may not only affect family risk but also choice of systemic therapy for an advanced cancer patient, e.g., PARP inhibitor treatment in patients with germline BRCA variants. Non-cancer associated variants that increase risk of cardiac, neurodegenerative or metabolic diseases also fall in the reportable category 5 .
Several studies have started to explore the frequency of reportable incidental germline variants uncovered by targeted, whole exome and whole genome sequencing. Many of these studies were performed in non-oncology setting [9] [10] [11] [12] . For example, in a WES germline cohort of patients with Mendelian disorders with unknown molecular basis, 0.86% of individuals had a reportable secondary variant among the 56 recommended genes by the American College of Medical Genetics (ACMG) 13 . Perhaps more relevant to the present study, several studies have now reported elevated number of germline cancer predisposing variants in cancer patients. In a study using whole-genome and whole-exome sequencing involving 1,120 children and adolescents with cancer, 8.5% of the patients were found to have cancer-predisposing gene mutations 14 . In another recent study, the incidence of germline variants in genes mediating DNA-repair processes among men with metastatic prostate cancer was found to be 11.8% 6 .
These studies have focused on specific patient populations, e.g., non-cancer research cohorts, pediatric patients and metastatic prostate cancer patients and may not represent the broader patient population encountered in routine clinical care where whole exome sequencing is clinically compelling such as advanced cancer patients.
To investigate the frequency of reportable incidental findings in a heterogeneous advanced cancer cohort, we analyzed a cohort of 343 patients with advanced, metastatic cancer for whom we have performed tumor and germline WES interrogating more than 21,000 genes using a CLIA/CLEP approved assay 15, 16 . We have recently described the landscape of somatic alterations (point mutations, indels, copy-number alterations) in this cohort 15, 16 . We describe here a comprehensive analysis of secondary germline findings in that same cohort.
Results

Overview of the Englander Institute for Precision Medicine (IPM) cohort, germline variant detection and ethnicity inference
We sequenced 345 germline DNA samples from 343 prospectively enrolled patients with advanced cancer as part of an IRB approved protocol (IRB #1305013903) with informed consent at the Englander Institute for Precision Medicine (IPM) of Weill Cornell Medicine/New York Presbyterian Hospital. The most common cancer types in our cohort are metastatic prostate cancer (n=97 patients), bladder cancer (n=42) and central nervous system (CNS) tumors (n=41), followed by kidney cancer (n=32), non-small cell lung cancer (n=17), breast cancer (n=12), hematological malignancies including leukemias and lymphomas (n=12), colon cancer (n=11), and ovarian cancer (n=8). These nine cancer types cover about 80% of patients in the advanced cancer cohort (Fig 1a) . Samples were sequenced at an average depth of 83X using the Agilent HaloPlex whole-exome sequencing (WES) platform 15, 16 . We implemented a germline variant calling pipeline based on the BWA aligner 17 , and GATK for base recalibration, realignment around indels and variant calling 18 . Overall we identified 26,473 variants on average per individual. To evaluate the accuracy of the HaloPlex platform together with our variant calling approach, we sequenced and analyzed DNA from the reference NA12878 sample and compared variant calls using our approach with published benchmark reference variant calls 19 . We tested our pipeline on two replicate NA12878 samples. The pipeline called 17,115 and 17,258 variants in the two replicates, respectively, out of which 143 and 154 were in disagreement with the reference calls (average false discovery rate 0.86%). The pipeline also missed 802 and 743 variants present in the reference dataset. Altogether, this indicates an average sensitivity rate of 95.6% and an average specificity rate > 99.999%. Two germline samples were also sequenced twice. The overall agreement between these duplicate samples was 95% on average ( Supplementary Table S1 ). Most importantly, all clinically relevant reportable germline variants were identified in both replicates.
To avoid well-known accuracy problems with self-reported ethnicity, we sought to infer ethnicity based on single nucleotide polymorphism (SNP) genotype calls. We used a computational approach (EthSeq) based on differential SNP-profiles that infers individual's ethnicity relying on the major ethnic groups represented in the 1000 Genomes Project (Romanel et al, submitted; see Methods). A principal component analysis (PCA) using the first two components identified three major groups in our advanced cancer cohort (Caucasians-Ashkenazim, Asians and Africans; Fig 1b) and further revealed the ethnic breakdown as 43% European Caucasian, 30% Ashkenazim and 12% Africans (Fig 1c) . This analysis reveals a relatively high prevalence of Ashkenazi individuals in our New York City cohort. In comparison, a TCGA cohort with 434 blood samples contained approximately 3.5% Ashkenazim when analyzed using the same approach and parameters (data not shown).
Variant prioritization and classification scheme reveals pathogenic or likely pathogenic variants
We identified a list of genes that we deemed clinically relevant for reporting cancer-associated germline variants and secondary findings. This list included all cancer risk genes from the BROCA panel (http://tests.labmed.washington.edu/BROCA), as well as the 56 genes from the ACMG guidelines 5 for a total of 88 genes ( Supplementary Table S2 ).
We devised a variant filtering strategy to narrow down the most important and likely clinically relevant variants (Fig 2) . For each variant we collected annotations from database including ClinVar and Exome Aggregation Consortium (ExAC, http://exac.broadinstitute.org) 20 . Following the ACMG Standards and Guidelines regarding classification and interpretation of sequence variants 21 , the variants are classified into five categories: Pathogenic Likely Pathogenic, Likely
Benign, Benign and variants of unknown significance (VUS) (see Methods for details). A board-
certified clinical geneticist reviews all pathogenic and likely pathogenic variants and removes likely misannotated VUS (a rare event). The remaining variants are reported using a detailed report we generate for each case; the other variant categories (Likely Benign, Benign, VUS) are shown in the Appendix of the report we generate for each case.
The systematic application of this analytical pipeline to the 343 WES specimens in our cohort identified 60 variants as pathogenic or likely pathogenic, 51 of which were unique. 17% of our patients had a reportable variant on average. We applied the same analysis and filtering strategy to three control cohorts: (a) 2,504 samples from 1000 Genomes Project (1000G) 22 , (b) 9,282 samples from a WES study on autism (SSC) 23 , and (c) 128 samples from The Ashkenazi Genome Consortium (TAGC) 24 . The numbers of variants in total and per individual on average are shown in Table 1 ; the fully annotated variant lists are in Supplementary Table S3 (1000G),
Supplementary Table S4 (SSC) and Supplementary Table S5 (TAGC).
Clinically relevant non-cancer germline variants are frequently detected in our advanced cancer cohort Our list of 88 reportable genes included all the ACMG genes, 32 of which are not cancer genes but instead linked to diseases such as cardiomyopathies, Marfan syndrome and others. The reportable variants in non-cancer genes found in our 343 WES cohort are shown in Supplementary Table S6 . The most represented gene in that list is SCN5A, followed by LDLR, PCSK9, MYH7, KCNH2, DSP, KCNQ1 and DSG2 (Supplementary Fig S1a) . Mutations in the SCN5A gene (which codes for a sodium channel) have been linked to Brugada syndrome and congenital long QT syndrome. We also identified patients with germline mutations in DSG2, LDLR and MYH7 (linked to hypertrophic and dilated cardiomyopathies), KCNH2 and KCNQ1 (also linked to congenital long QT syndrome and Cardiac arrhythmia), and FBN1 (linked to Marfan syndrome). Most of these genes are also ranked high in the three control cohorts (1000 Genomes; Supplementary Fig S1b, Autism; Supplementary Fig S1c and Ashkenazim; Supplementary Fig S1d) . Ashkenazim represent a significant fraction of our patient cohort and are not strongly represented in the ExAC database, which we use to evaluate rarity of variants.
However the most-represented non-cancer genes were overall unchanged after removing Ashkenazi individuals from our cohort ( Supplementary Fig S1e) . Altogether we found that 8.8% of patients in our advanced cancer cohort harbored one or more reportable germline variant in a non-cancer gene. However, we found that this frequency was not statistically different than their frequency in the three control cohorts (11.0% in 1000 Genomes cohort, 6.5%
in Autism cohort and 6.3% in Ashkenazim) when all ethnicities were considered together (Fig   3a) . Altogether these results indicate that clinically relevant non-cancer germline variants are frequent in our advanced cancer cohort, but not more frequent than expected if individuals were randomly sampled from the general population.
Cancer related disease risk variants are frequent in a cancer precision medicine cohort
We then identified all variants in cancer-associated genes. In total, 56 genes on our list of 88 fall into the cancer category according to the BROCA panel annotation and the Cancer Gene Census from the Sanger Center 25 . We found that our cohort contains 29 variants within 12 of these genes. The most commonly affected cancer-associated genes in our cohort are APC, BRCA2 and ATM, followed by BRCA1, MYH11, TP53 and CHEK2, with a frequency >0.5%, as shown in Supplementary Fig S2a. We found that mutations in certain genes are only prevalent in a specific population. For example, 5 out of the 6 variants found in the APC gene are harbored in Ashkenazi patients; this is in concordance with APC variants being commonly observed in Ashkenazi population with, 8.6% individuals in TAGC cohort carrying variants in this gene ( Supplementary Fig S2b and Fig S2c) . In addition, Ashkenazi patients also contribute two variants found in TP53 gene. As expected from the large size of our two control cohorts (2,504 individuals in 1000G and 9,282 individuals in SSC), we observed a larger absolute number of reportable germline variants in the two non-cancer cohorts (SSC and 1000G) compared to our cohort ( Table 1) . However unlike in our advanced cancer patient cohort, the majority of these genes were mutated at low frequency (<0.1%) in the two controls cohorts ( Supplementary Fig S2d and Supplementary Fig S2e) . Table 3 shows the germline variants found in our cohort sorted according to their frequencies.
Five distinct patients (three prostate cancer, one bladder cancer and one kidney cancer) were found to harbor a p.I1307K variant in the APC gene, frequent in Ashkenazi individuals (8.6%, 11 out of 128 in the TAGC cohort), linked to an increased risk of colon cancer 26 and to several other malignancies 27 . It has been suggested that Ashkenazi individuals with a p.I1307K variant in APC should be considered for screening colonoscopy at the age of 40, to be repeated every 5 years (similar to recommendations for individuals with family history of colorectal cancer) 26 .
Seven patients had frameshift indels in BRCA1 or BRCA2 genes (2 in BRCA1 and 5 in BRCA2); five of them are known deleterious mutations as annotated by ClinVar. Interestingly, none of these patients were breast or ovarian cancer patients, however this non-association is statistically insignificant due to the small number of breast/ovarian cancer patients in our cohort (n=20). Instead, of the 7 patients with BRCA1 and BRCA2 mutations, 5 males had metastatic prostate cancer, one had neuroendocrine tumor of the small intestine and the last one had astrocytoma. Importantly, 6 out of 7 of these BRCA mutation positive patients had a family history of cancer and in 5 of these cases at least two other family members had received a cancer diagnosis. Five patients had mutations in ATM gene (2 frameshift deletions and 3 nonsense variants), three of them were prostate cancer patients and the other two had unclassified malignancies. Two of the prostate cancer patients with ATM nonsense variants had a family history of cancer (but not prostate cancer). Our findings in metastatic prostate cancer are compatible with the recently reported high incidence of germline variants in genes mediating DNA-repair processes 6 . Like BRCA1/2, ATM mutations are associated with risk of cancer development, and might be targeted by drugs such as platinum and PARP inhibitors. Two distinct patients were found carrying a missense mutation (p.R158H) in the TP53 gene; both were Ashkenazim and had a family history of cancer. Pathogenic TP53 germline variants are associated with Li-Fraumeni syndrome (LFS), a syndrome associated with a variety of earlyonset tumors; it is presently unknown whether these two patients were affected with LFS. For the most part, patients in the cohort had a single reportable cancer-associated variant.
However, one patient had both a pathogenic variant in BRCA2 (frameshift deletion) and a p.I1307K variant in APC. Altogether, chart reviews showed that 61% of patients with reportable cancer-associated germline variants had a family history of cancer.
We sought to determine whether the number of cancer-associated variants in this advanced cohort was higher than expected based on numbers obtained in non-cancer cohorts. We found that 8.2% of our patients had cancer-associated variants (Fig 3b) , significantly higher than in the 1000 Genomes cohort (2.7%; p=2.9e-6, Fisher's exact test; Fig 3b) and in the autism cohort Fig 3b) . Focusing only on prostate cancer patients in our cohort, we found that up to 12.4% of them (12 out of 97) had reportable cancer-associated variants. This elevated frequency confirms findings from a recent SU2C/PCF prostate cancer precision medicine study that shows high prevalence of germline cancer risk events in advanced prostate cancer patients 6, 28 . In addition, 9.8% (4 out of 41) of patients with brain cancer and 4.8% (2 out of 42) of patients with bladder cancer (the second and third most prevalent cancer type in our cohort, respectively) have reportable cancerassociated variants. The high prevalence of cancer-associated variants in our advanced cancer cohort supports a causal role for these variants in developing their disease and possibly a role in facilitating or accelerating disease progression.
Discussion
In this study, we presented a preliminary analysis of reportable germline variants in an advanced cancer cohort having undergone tumor-normal whole exome sequencing analysis to identify somatic mutations in tumor biopsies. We observed an increased frequency of cancerassociated reportable germline variants in our advanced cancer cohort compared to two noncancer control cohorts (1000 Genomes cohort and autism cohort). Confirming other observations 6,28-30 we observe that variants in known cancer risk genes such as BRCA1 and BRCA2 are found in patients with tumor type that extend beyond ovarian and breast cancer.
Review of the patient charts revealed that 61% of patients with reportable variants in cancer genes had a family history of cancer. This was particularly acute in BRCA mutation positive patients, where 6 out of 7 of these had a family history of cancer and in 5 of these cases at least two other family members had received a cancer diagnosis. These results together with previous ones 28 indicate that germline risk testing may need to be extended beyond the more commonly recommended breast and ovarian cancer and perhaps systematically offered in patients with any family history of cancer. In addition, these results suggest that when such variants are encountered in the process of somatic tumor testing (as was performed in the present study), they should likely be reported to treating physicians and patients, provided that appropriate consenting and genetic counseling is in place. In some cases such as BRCA gene loss of function mutations, such variants may directly impact clinical cancer care via the use of PARP inhibitors. The immediate need to return non-cancer germline variants in cancer patients is less obvious, especially when tested patients have no clear sign of disease associated with those variants e.g. cardiomyopathies. However, following the ACMG recommendations we currently report all pathogenic variants using the report structure shown in Supplementary Fig 
S3.
One key question in a cancer cohort such as ours is whether there are any correlations between germline and somatic variants. In one model, germline variants act as inactivating (or activating) hit of the first allele and somatic variants act as second hit in the same gene. When we looked for secondary hits (point mutations or indels) in the germline variants in our 56 cancer genes, we found no such events beyond the FANCA gene example that we already reported as relevant to cisplatin sensitivity 15 . We cannot however exclude the possibility that a secondary hit resides in other cancer genes, as well as other mechanisms acting as secondary hits, such as copy number losses or gains or DNA methylation changes.
Our current strategy for identifying and reporting secondary germline findings can be expanded in a number of directions. An important direction is to implement a more systematic ethnicitybased annotation. Some variants can be rare when assessed across population but may turn common in one particular population. For example, the APC p.I1307K variant is rare in the ExAC database (0.17%) but is commonly observed in the TAGC cohort (8.6%) ( Supplementary   Table S7 and S8). Increasing access to large ethnically diverse cohorts, such as the Precision Medicine Initiative / All of Us cohort 31 will likely further facilitate interpretation of such variants using the appropriate ethnicity context. A third direction is to build a well-curated germline variant knowledge database. Our current variant annotations are mainly based on the ClinVar database in which a variant may have multiple annotations submitted from different research/clinical labs. In some cases annotations on the same variant can be inconsistent. As a result, the true significance of such variants may be unclear. In addition, annotations in ClinVar are limited, giving only a score that indicates clinical significance and a short description about the related disease; sometimes the disease name is unknown. It may soon become highly desirable to build a more comprehensive, clinically oriented germline knowledge base that will include more information about germline variant. We have recently released the Precision Medicine Knowledge Base 32 , a database for interpreting clinically relevant somatic cancer variants. Such databases can be extended to cover germline variants. One more direction for improvement involves germline copy number variants (CNV), currently not called out by our pipeline. A recent study by our group has discovered two germline CNVs that are strongly associated with prostate cancer 33 . This underscores the potential usefulness of including CNV in germline analyses related to cancer. While calling CNVs is notoriously difficult with wholeexome sequencing, a number of tools introduced in recent years may enable accurate CNV calling e.g., CONTRA 34 , XHMM 35 , and CoNIFER 36 . Integrating these tools in our pipeline together with categorization of CNV (both evidence-based and clinical) represents an important direction for further research.
Methods
Whole exome sequencing and analytical pipeline for detecting and prioritizing germline variants
Germline samples used in this study were either blood or buccal swab or normal tissue from formalin-fixed paraffin embedded specimens or frozen tissue (see 15, 16 for further details). All samples were sequenced to serve as matched controls in the context of CLIA/CLEP approved genomic testing to identify somatic mutations in tumors. As indicated in 15, 16 , exome capture was performed with the Agilent HaloPlex Kit. Paired-end sequencing (2 x 100 bp) was performed on the Illumina HiSeq2500 instrument. The sequenced reads were cleaned by trimming adapter sequences and low quality bases, and were aligned to the human GRCh37 reference using Burrows-Wheeler Aligner (BWA). The aligned bam file was further refined by indel realignment and base quality recalibration with the Genome Analysis Toolkit (GATK). We then used GATK UnifiedGenotyper to call single nucleotide variants (SNVs) and indels, and filtered out variants that are: 1) of low quality (QUAL score < 50); 2) with less than 10 supporting reads; 3) clustered (defined as 3 or more SNVs within a 10bp window); 4) with strand bias; 5) variant allele frequency less than 0.35. Specificity was calculated as TN/(TN+FP); sensitivity as TP/(TP+FN); false discovery rate as TP/(FP+TP) where TN is number of true negative calls, TP is number of true positive calls, FP is number of false positive calls, FN is number of false negative calls. We used the SnpEff and SnpSift packages to generate annotations (for example, gene location, amino acid changes, etc) on the called variants, to predict the impact of a variant on a given gene, and to integrate annotations from ClinVar (version 20160531) and ExAC database (version r0.3.1). We filtered out variants that were: 1) not in the 88 ACMG/BROCA gene list; 2) having unclear disease name in ClinVar; 3) having conflict annotations in ClinVar; 4) heterozygous variants on the MUTYH gene (since this gene is autosomal recessive as annotated by ACMG). The remaining variants were categorized into five categories for reporting: Pathogenic -variants that are either annotated as pathogenic in the ClinVar database and have allele frequency less than 0.01 as annotated by ExAC, or predicted as HIGH impact by SnpEff and have allele frequency less than 0.01 in any populations in ExAC; Likely Pathogenic -variants that are annotated as likely pathogenic in ClinVar and have allele frequency less than 0.01 in ExAC; Likely benign -variants that are annotated as likely benign in ClinVar; Benign -variants that are annotated as benign in ClinVar; VUS -variants that cannot be assigned to the above four categories and are of unknown significance. Table 2 
Ethnicity inference
